Soluble N-ethylmaleimide-sensitive factor attached protein (SNAP) receptor (SNARE) mechanisms are thought to be involved in two important processes in axonal growth cones: (1) membrane expansion for axonal growth and (2) vesicular membrane fusion for mature synaptic transmission. We investigated the localization and interactions among the proteins involved in SNARE complex formation in isolated growth cone particles (GCP) from forebrain. We demonstrated that the SNARE complex is present in GCPs morphologically without synaptic vesicles (SVs) and associated with growth cone vesicles. However, the apparently SV-free GCP was lacking in the regulatory mechanisms inhibiting SNARE complex formation proposed in SV fusion, i.e., the association of synaptotagmin with the SNARE complex, and vesicle-associated membrane protein (VAMP)-synaptophysin complex formation. The core components of the SNARE complex (syntaxin, SNAP-25, and VAMP) accumulated for several days before postnatal day 7, when SVs first appeared, and preceded the accumulation of marker proteins such as synaptophysin, SV2, and V-ATPase. Our present results suggest that the SNARE mechanism for vesicular transmitter release is not fully functional in growth cones before the appearance of SVs, but the SNARE mechanism is working for membrane expansion in growth cones, which supports our recent report. We concluded that the regulation of the SNARE complex in growth cones is different from that in mature presynaptic terminals and that this switching may be one of the key steps in development from the growth cone to the presynaptic terminal.
A recent breakthrough, the soluble N-ethylmaleimide-sensitive factor attached protein (SNAP) receptor (SNARE) hypothesis proposed by Rothman (1994) , has brought rapid progress to understanding the protein machinery underlying neurotransmitter release from the presynaptic terminal (Bajjalieh and Scheller, 1995; Augustine et al., 1996) by explaining Ca 2ϩ -regulated exocytosis by a series of interactions among these proteins. The main point of the SNARE hypothesis is that vesicular targeting depends on a protein complex formation between vesicular membrane proteins (vesicular SNAREs) and target membrane proteins (target SNAREs). Among the presynaptic proteins, VAMP/synaptobrevin, SNAP-25, and syntaxin / HPC-1 are thought to be SNAREs (Söllner et al., 1993b) . Several other proteins, such as synaptotagmin or synaptophysin, are thought to be regulators of the SNARE complex formation (Bajjalieh and Scheller, 1995) . We must note that the framework of the SNARE mechanism is currently applicable to other intracellular vesicular trafficking events, as well as to neurotransmitter release (Rothman, 1994; Söllner, 1995) The growth cone, formed at the tip of an immature axon, is responsible for axonal guidance and elongation (Jessell and Kandel, 1993 ). An examination of whether the SNARE mechanism is working in growth cones is important for two reasons. First, the growth cone is regarded as the precursor of the presynaptic terminal (Hall and Sanes, 1993) . Because the growth cone gradually changes to the presynaptic terminal after reaching and recognizing its appropriate target, the SNARE mechanism for transmission must be prepared in the growth cone. Second, several reports (including ours) have determined that the SNARE mechanism in growth cones is involved in membrane expansion for axonal growth (Osen-Sand et al., 1993 Igarashi et al., 1996) . One of the important features differentiating a growth cone from a presynaptic terminal is that the growth cone is originally lacking in synaptic vesicles (SVs). Instead, a growth cone has a cluster of vesicles, so-called "growth cone vesicles" (GCV), which are distinct from SVs Pfenninger and Friedman, 1993) . The hypothesis that these GCVs are added to the plasmalemma in an exocytotic manner in the growth cone is currently the most reliable explanation for membrane expansion, although the details of molecular mechanisms still remain unknown (Osen-Sand et al., 1993; Futerman and Banker, 1996) . In this study we used subcellular fractionation of growth cone particles (GCPs) (Pfenninger et al., 1983) to analyze the localization of the proteins involved in the SNARE mechanisms and interactions among these proteins in isolated growth cones. We demonstrate the presence of the SNARE complex in apparently SV-free GCPs and the association of the SNARE complex (7S) and one larger than 7S with GCV, and the lack of several regulatory protein-protein interactions for the SNARE complex pro-posed in SV fusion, and the accumulation of these proteins in GCPs. Based on our previous (Igarashi et al., 1996) and present results, we conclude that the SNARE mechanism is functional in apparently SV-free GCPs, but in a manner different from the way the SNARE mechanism in SV fusion works.
Some of these results have been published previously in abstract form (Igarashi et al., 1995) .
MATERIALS AND METHODS
Antibodies. Antibodies used in the present study are as follows (mAb indicates monoclonal antibody and the others are rabbit polyclonal antibodies): anti-syntaxin 1 (mAb 10H5), anti-synaptotagmin I (mAb 1D12), anti-VAMP-2, anti-SNAP-25, anti-rab3A, anti-␤-SNAP antibodies (M. Takahashi, Mitsubishi Kasei Institute of Life Sciences, Machida, Japan; El Far et al., 1993) ; anti-SV2 (K. M. Buckley, Harvard Medical School, Boston, MA; Buckley and Kelly, 1985) ; anti-vacuolar ATPase (VATPase) A subunit (Y. Moriyama, Hiroshima University, Hiroshima, Japan; Nakamura et al., 1994) ; anti-Munc-18/n-sec1/rbsec1 (P. De Camilli, Yale University School of Medicine, New Haven, CT; Garcia et al., 1994) ; anti-N-ethylmaleimide-sensitive factor (NSF) (Tagaya et al., 1993) ; and anti-synapsin I (E. Miyamoto, Kumamoto University School of Medicine, Kumamoto, Japan; Fukunaga et al., 1992) . Anti-synaptophysin and anti-GAP-43 mAbs were purchased from Boehringer Mannheim (Mannheim, Germany).
Subcellular fractionation. Subcellular fractionation of growth cones from developing rat forebrains of embryonic day 17 (E17), E20, postnatal day 2 (P2), P5, P7, P10, and P14 was as described by Pfenninger et al. (1983) or Meiri and Gordon-Weeks (1990) , with slight modification (Igarashi et al., 1990; Saito et al., 1992) . Perinuclear fraction was prepared from the developing rat brain by the method of Sbaschnig-Agler et al. (1988) . In modified Pfenninger's methods, we collected the interface between 0.32 M/0.83 M interface as the GCP fraction, and 0.83 M/1.0 M interface as the fraction B (Hemlke and Pfenninger, 1995) . Synaptosomes from the adult rat cerebral cortex were prepared as described by Whittaker and Barker (1972) . The surface area density of the GCPs in each electron micrograph (EM) was calculated as described by Pfenninger et al. (1983) , except that we used a microcomputer imaging device (MCID) image analyzer (Image Research). The SV-containing GCPs were also scored in EM, and their percentage of the total number of GCPs were calculated.
The GCV-enriched fraction was fractionated as follows. After trituration , the GCP was completely lysed by the hypotonic treatment using 6 mM Tris-HCl, pH 8.1 (Ellis et al., 1985) , and stirred for 45 min at 4ЊC. The samples were loaded onto 0.6 M and 0.8 M sucrose and ultracentrifuged at 25,000 rpm (SW 28 rotor, Hitachi Koki Ltd., Tokyo, Japan) for 90 min. The interface between 0.6 M and 0.8 M sucrose was collected as GCV, and that between 0.8 M and 1.0 M as the plasma membrane fraction of the growth cone [growth cone membranes (GCM)] (Ellis et al., 1985) . For electron microscopy, the GCV fraction was fixed using 2.5% glutaraldehyde/2% paraformaldehyde in 0.1 M cacodylate buffer, pH 7.4. After the sample was rinsed with 10% sucrose in the same buffer, it was post-fixed by OsO 4 , dehydrated, embedded, and thinsectioned. The volume density of each structure in EMs was determined by measuring the surface area density (Weibel and Bolender, 1973) using the MCID image analyzer.
To obtain cytoskeletal subfraction, the GCP fraction from P2 rat forebrain was extracted by 20 mM HEPES, pH 7.3, 0.3 M sucrose, 3 mM MgCl 2 , 1 mM EGTA, 0.2 M leupeptin, and 10 g/ml aprotinin containing 1% Triton X-100 and 0.01% saponin (CSK buffer) (Hemlke and Pfenninger, 1995) for 1 hr at 4ЊC by stirring, and it was centrifuged for 1 hr at 40,000 rpm. The pellet and the supernatant were collected as the GCPcytoskeletal and Triton X-soluble subfractions, respectively.
Detection of protein complex formation. Identification of the native SNARE complex present in GCPs was performed as described previously (Hayashi et al., 1994) . Briefly, the GCP fraction was mixed with SDS-PAGE sample buffer containing 1% SDS, without boiling. The sample was analyzed by SDS-PAGE and by immunoblotting using anti-syntaxin, anti-SNAP-25, or anti-VAMP antibodies. To detect the core complex formation among the SNAREs, the GCV proteins were solubilized by HKA buffer (10 mM HEPES, pH 7.5, 140 mM potassium acetate, 1 mM MgCl 2 , 0.1 mM EGTA) containing 2% Triton X-100, as described by Pevsner et al. (1994) . The sample was loaded onto the continuous 10 -35% glycerol gradient, centrifuged at 41,000 rpm for 17 hr using an SW41 rotor (Beckman, Fullerton, CA), and collected in 1 ml samples from fraction 1 (top) to fraction 10 (bottom). Fractionation of SV from adult rat cortex was performed essentially as described (Pevsner et al., 1994) , and proteins from the SV were extracted similarly to those from the GCV (as described above). The immunoprecipitation using 10H5 mAb was performed as described previously (Bennett et al., 1992) . For the experiment investigating whether the larger complex is formed in growth cones, the GCV proteins were solubilized by HKD buffer [20 mM HEPES, pH 7.0, 0.1 M KCl, 1 mM dithiothreitol (DTT), 2 M ( pamidinophenyl)methanesulfonyl fluoride] containing 1% Triton X-100. The solubilized membrane proteins were incubated with 0.5 mM ATP␥S, 2 mM MgCl 2 , NSF (15 g), and His 6 -␣-SNAP (15 g) for 30 min at 4ЊC (Pevsner et al., 1994) . Then, the sample was loaded onto continuous glycerol gradient, ultracentrifuged, fractionated and collected as described above (Pevsner et al., 1994) . BSA (4.6S), catalase (11.3S), and ␣ 2 -macroglobulin (20S) (Söllner et al., 1993a (Söllner et al., , 1993b Pevsner et al., 1994) were used as sedimentation markers.
The immunoprecipitation of the 80 kDa complex from GCP was as described in El Far et al. (1993) . Briefly, the proteins of the GCP fraction and of the postnuclear membranes from adult rat brain were solubilized by a buffer (5% glycerol, 0.16 M sucrose, and 25 mM HEPES-Tris, pH 7.4, containing 1% CHAPS and several protease inhibitors). The solubilized proteins were incubated with anti-syntaxin, anti-SNAP-25, anti-VAMP, or the control IgG for 2 hr on ice. Protein G-or protein A-agarose was then added to the antigen-antibody mixture and was incubated for 2 hr at 4ЊC with gentle agitation, in the presence of 1% BSA. The agarose-bound complex was rinsed several times using the same buffer containing 0.5% CHAPS, and the pellet was collected and solubilized by the sample buffer for SDS-PAGE.
To examine whether NSF is released from GCV in the presence of Mg 2ϩ and ATP, Mg 2ϩ -ATPase treatment was carried out as described previously (Hong et al., 1994) . The GCV was incubated with 25 mM HEPES, pH 7.2, containing 1 mM DTT, 0.1 M KCl, 0.3 M sucrose, 2% polyethylene glycol, and 5 mM MgCl 2 /0.5 mM ATP or 2 mM EDTA/0.5 mM ATP on ice for 5 min. The mixtures were centrifuged at 40,000 rpm for 30 min. The supernatant and the pellet were subjected to SDS-PAGE and analyzed by immunoblotting using anti-NSF and anti-␤-SNAP antibodies. The SVs from adult rat cerebral cortex and the Golgi apparatus from fetal brain were prepared as described previously (Whittaker and Barker, 1972; Pfenninger et al., 1983; Tagaya et al., 1996) .
Immunoblotting. Each fraction was solubilized by the sample buffer for SDS-PAGE containing 1% SDS. To detect the 80 kDa complex (Hayashi et al., 1994) , the sample was heated at 60ЊC for 10 min; otherwise, it was boiled for 10 min. In each lane, 50 g of the proteins was loaded for SDS-PAGE. The proteins were electroblotted for 1 hr and then identified by immunodetection using the streptavidin-biotin system (Amersham, Buckinghamshire, UK). Quantitation of each immunoblot was performed by densitometric assay using IMAGEQUANT (Molecular Dynamics, Sunnyvale, CA). We checked the linearity of the relationship between the intensity of each protein band and its amount by confirming that each band intensity was twice as large as that of its one-half amount. To examine whether VAMP-synaptophysin complex can be formed in GCP, the cross-linking using disuccinimyl suberate (DSS) in P2-GCP or adult synaptosomes was carried out as described by Edelmann et al. (1994) , and detection of the complex was performed by Washbourne et al. (1995) . Fresh GCPs or synaptosomes in Krebs'-Ringer's solution buffer were incubated with 5 mM DSS for 45 min at room temperature and with 0.1 M Tris-glycine buffer, pH 7.4, as a quencher was added. After they were centrifuged several times, the supernatants were analyzed by SDS-PAGE and immunoblotting.
Immunohistochemistry. E18 rat hippocampal neurons or dorsal root ganglia neurons were cultured on the laminin-coated chamber slides as described previously (Ozawa and Yuzaki, 1984; Bandtlow et al., 1993) . The cultured neurons were fixed for 24 hr by 4% paraformaldehyde at room temperature and permeabilized by 0.25% Triton X-100 for 5 min. After blocking by BSA, the neurons were incubated with the primary antibodies specific to VAMP, synaptotagmin, or syntaxin diluted to 1:250, at 37ЊC for 2 hr. After they were rinsed, the samples were incubated with fluorescein isothiocyanate (FITC)-labeled secondary antibodies (Amersham). The morphometrical analysis for the distribution of each antigen was performed using MCID. The data of each immunohistochemical micrograph were incorporated into the MCID system through a CCD camera. The fluorescent intensity density (D), representing the amount of the antigen concentration, and the area (S) were scanned separately in the peripheral (P-) domain (actin filament-rich region) and the central (C-) domain (vesicle-rich region) (Dailey and Bridgman, 1993) of the growth cone. P-domain was designated by the staining using rhodaminelabeled phalloidin (Fan et al., 1993) . The product between D and S (D ϫ S) in each domain was calculated separately, and the ratio between the value of P-domain and that of the total growth cone area was calculated.
RESULTS

VAMP-SNAP-25-syntaxin complex in GCPs
The core components of SNARE complex, i.e., syntaxin, SNAP-25, and VAMP, were enriched in the growth cone, compared with the C-fraction containing axonal shafts (Pfenninger et al., 1983) (Fig. 1 A) . The amounts of syntaxin, SNAP-25, and VAMP in the GCP fraction were 2.8, 9.1, and 2.7ϫ, respectively, that in the C-fraction (the mean of four independent experiments). The 80 kDa complex, i.e., VAMP-SNAP-25-syntaxin, is the core protein complex of SNARE interaction (Söllner et al., 1993a; Hayashi et al., 1994; Pevsner et al., 1994) and is reported as SDS-resistant and heat-labile (Hayashi et al., 1994) . The 80 kDa complex was detected in P2-GCP using the antibodies specific to VAMP, SNAP-25, and syntaxin ( Fig. 1 B) . The amount of the 80 kDa complex, however, was at a lower level than that in adult synaptosomes ( Fig. 1 B) . For example, the bound syntaxin in P2-GCP was 9.7 Ϯ 1.0% of that in synaptosomes (four independent experiments). The amount of unbound syntaxin in the GCP was similar to that in synaptosomes (Fig. 1C) .
The GCP contains many clear vesicles corresponding to GCV (Fig. 2 A) (Pfenninger et al., 1983; Igarashi et al., 1990) ; however, these vesicles are not always found in each GCP in EM, probably because of the spatially nonuniform distribution of the GCVs in a GCP. Subcellular fractionation enriched the GCV (Fig. 2 B , Table 1 ). Synaptophysin and SV2, both vesicular marker proteins, were also enriched in this fraction. Their amounts in the GCV fraction were 4.5 and 2.9ϫ those in the GCM (four independent experiments). By solubilization of the proteins bound to the GCV by 2% Triton X-100 and the The relative membrane areas were determined by morphometrical analysis using the MCID, a computerized image scanner. The analysis was performed on four random EMs. Adjusted percentage was calculated from the raw percentages, assuming that all elements (a-e) contribute equally to the unidentified category (f ). Organelle categories: a, large clear vesicles with diameters of 150 -200 nm; b, mitochondria in GCPs, c, small electron-dense granules; d, multivesicular bodies and lysosomes; e, GCP-derived plasma membrane fragments; and f, unclassified membrane fragments. The surface area of each structure was scanned by the MCID system, and its percentage was calculated using that of the total membrane-surrounded structures.
Figure 1. A, Enrichment of the SNARE complex components in the GCP fraction (G) compared with the C-fraction (C) containing axonal shafts.
Immunoblots of proteins from P2-GCP and P2-C fraction (containing axonal shafts) using anti-VAMP, anti-SNAP-25, and anti-syntaxin antibodies, respectively, are shown. B, Detection of an 80 kDa complex composed of VAMP-SNAP-25-syntaxin in both the P2-GCP fraction (G) and the adult synaptosomes (S). The SDS-resistant 80 kDa complex was recognized by anti-VAMP, anti-SNAP-25, and anti-syntaxin antibodies, respectively. Anti-synaptophysin antibody did not recognize this complex. To detect the 80 kDa complex (Hayashi et al., 1994) , the sample was heated at 60ЊC for 10 min. Arrows indicate the position of 80 kDa. C, Unbound syntaxin was also detected as a 35 kDa protein band in both P2-GCP (G) and adult synaptosomes (S). Note that there is a lower amount of bound (80 kDa) syntaxin in G than in S, but that the amount of the unbound syntaxin in G is almost equal to that in S.
subsequent fractionation of the proteins using 10 -35% glycerol gradient, the three core components of the SNARE complex migrated and were present together in fraction 4, corresponding to 7S position (Fig. 2C ). This position was almost identical to that of the 7S complex derived from the adult SV shown in previous reports (Söllner et al., 1993b; Pevsner et al., 1994) . The proteins immunoprecipitated by anti-syntaxin mAb also contained SNAP-25 and VAMP but not synaptophysin (Fig.  2 D) . An endogenous complex containing NSF larger than 7S was present in fraction 8 (Fig. 2C ).
Protein-protein interactions regulatory for the SNARE complex in GCP
Although the SNARE complex was detected in apparently SVfree GCP, as shown in Figures 1 B and 2C , the regulatory mechanisms for the complex must be examined to discover whether the SNARE mechanism is fully working in the growth cone. Using the apparently SV-free GCP, we examined several protein-protein interactions regulating the SNARE complex formation in Golgi apparatus or in synaptosomes, as follows.
NSF and ␤-SNAP release from membrane by Mg 2ϩ
-ATP (Rothman, 1994) The GCV-attached NSF was not released by Mg 2ϩ -ATP, as well as in SV, but was unlike that in the Golgi apparatus (Fig. 3A ) (Hong et al., 1994; Tagaya et al., 1996) . The distribution of ␤-SNAP showed a pattern similar to that of NSF (Fig. 3B) .
Recruitment of NSF and ␤-SNAP to the SNARE complex (Söllner et al., 1993a,b; Rothman, 1994) In apparently SV-free GCPs, exogenously added NSF and ␣-SNAP did not cause 20S complex formation, even in the presence of Mg 2ϩ and ATP␥S (Fig. 4 A; compare Fig. 2C ). In contrast, the addition of these exogenous proteins induced a 20S complex formation in the adult synaptosomes under the same conditions as in the case of the GCP, as described previously (Fig. 4 B) (Pevsner et al., 1994) . (Söllner et al., 1993a) Both antibodies specific to SNAP-25 or to VAMP immunoprecipitated the VAMP-SNAP-25-syntaxin complex from P2-GCP as well as from adult rat synaptosomes, except that synaptotagmin was barely precipitated in the GCV (Fig. 5) . Edelmann et al., 1995; Washbourne et al., 1995) The 58 kDa synaptophysin-VAMP complex was not detected in P2-GCP in the presence or absence of DSS, unlike in adult synaptosomes (Fig. 6 A,B) . Electron micrographs of (A) P2-GCP and (B) GCV derived from P2-GCP. GCP fractions were prepared and fixed by the methods of Pfenninger et al. (1983) , with slight modification (Igarashi et al., 1990) . Note that GCVs are seen in a GCP in A (arrows) (see Pfenninger et al., 1983; Igarashi et al., 1990) . Scale bars: A, B, 0.5 m. SNARE complex is associated with P2-GCV (C and D). C, Fractionation of GCV proteins extracted by 1% Triton X-100, using 10 -35% continuous glycerol gradient. Each fraction was collected as 1 ml from the top. Each protein was visualized by immunoblotting. Note that fraction 4 (7S position) shows the peak of syntaxin and that SNAP-25 and VAMP are present together with syntaxin there. As sedimentation markers, BSA (4.6S), catalase (11.3S), and ␣ 2 -macroglobulin (20S) were used (Söllner et al., 1993a,b; Pevsner et al., 1994) . D, The immunoprecipitated proteins from GCV using anti-syntaxin antibody after fractionation by glycerol gradient. In fraction 4, VAMP and SNAP-25 were co-precipitated by anti-syntaxin antibody; however, synaptophysin was not. The immunoprecipitation of each fraction in C, using 10H5 mAb (anti-syntaxin antibody), was carried out as described previously (Bennett et al., 1992; Pevsner et al., 1994) , and each protein band was detected by immunoblotting using the specific antibodies (see Materials and Methods).
Association of synaptotagmin with the SNARE complex
VAMP-synaptophysin complex
Localization of VAMP and synaptotagmin in the cytoskeletal subfraction of the growth cone and filopodia
Because failure to detect interactions among the regulatory proteins in GCP may be attributable to the unique roles of regulatory proteins in growth cones other than vesicular membrane fusion, we examined their localization in growth cones. The transmembrane proteins VAMP and synaptotagmin were also distributed to the Triton-insoluble, i.e., cytoskeletal subfraction of P2-GCP, whereas other transmembrane proteins (syntaxin and synaptophysin) were not (Fig. 7) . Compared with the total, 37.0 Ϯ 2.7% of VAMP and 45.1 Ϯ 4.0% of synaptotagmin in the P2-GCP were present in the GCP-cytoskeletal subfraction (six independent experiments). The immunoreactivity of VAMP and that of synaptotagmin were observed not only in the body of the growth cone but also in the filopodia of growth cones of the cultured neurons (Fig. 8 A,B) . In contrast, syntaxin was localized in the C-domain of growth cones and observed minimally in the filopodial region (Fig.  8C) . The relative intensity of the antigen localized in the P-domain is shown in Figure 8 D; those of synaptotagmin and VAMP were significantly larger than that of syntaxin. We show the results using the DRG neurons here (Fig. 8) , because their filopodial development is better than that of hippocampal ones, although the results were also quite similar in the hippocampal growth cones.
Developmental patterns of proteins involved in SNARE mechanisms in GCP
The isolated growth cones have characteristics of typical GCPs at every age examined (Fig. 9) (Pfenninger et al., 1983; Taylor and Gordon-Weeks, 1989) . Briefly, their diameters were 1-2 m, and the central area was filled with typical, branching, smooth endoplasmic reticulum. The surface area density showed Ͼ70% of the purity of the GCP fractions (see Table 9 ) in each age. After P7, the particles with SV clustering were found in the GCP fraction ( Table 2) . As a biochemical marker of the GCP fraction, the relative amount of GAP-43, a protein enriched in the growth cone (Meiri et al., 1986) , was quantified (Table 2) . At every age, GAP-43 was significantly more concentrated in the GCP fraction than in the corresponding B-fraction (0.83 M/1.0 M sucrose interface). It was ϳ200% greater in its relative amount of the GCP compared with B-fraction, although the value gradually decreased after P5 (Table 2) . After P5, the ratio of the GAP-43 amount between GCP-and B-fractions decreased gradually, probably because of the increase in the synaptosomes with a higher density than the GCPs, which were collected in the B-fraction and contained a certain amount of GAP-43.
Three groups were designated on the basis of the developmental accumulation pattern of the proteins in GCP. Group A represents the proteins accumulated several days before P7 (Fig.  10 A) . This group consists of syntaxin, SNAP-25, VAMP (Fig.  10 A) , synaptotagmin, Munc-18, rab3A, NSF, and ␤-SNAP (data not shown) (Table 3) . These are the components of the SNARE-NSF-SNAP complex, or the regulators (Söllner et al., 1993a,b; Horikawa et al., 1993) . Group B represents the group of proteins accumulated in the growth cone on P7 ( Fig. 10 B) ; synaptophysin, SV2, and V-ATPase belong to this group. These are also typical markers of SV. The amount of synapsin I did not change in the 2) , similar to the case in SVs (lanes 3 and 4 ) but not the Golgi apparatus (lanes 5 and 6 ). After treatment, the sample was centrifuged at 41,000 rpm for 30 min. Lanes 1, 3, and 5, pellet; lanes 2, 4, and 6, supernatant. The supernatant and the pellet were subjected to SDS-PAGE and analyzed by immunoblotting using anti-NSF antibody. B, ␤-SNAP was not released from the membranes in GCV (lanes 1 and 2) or in SV (lanes 3 and 4 ), even in the presence of Mg 2ϩ -ATP (see above). Under the same conditions, however, ␤-SNAP was released from membrane in the Golgi apparatus (lanes 5 and 6 ). Lanes 1, 3, and 5, pellet; lanes 2, 4, and 6, supernatant. The supernatant and the pellet were analyzed by immunoblotting using anti-␤-SNAP antibody. Each protein amount was measured by densitometric assay of the immunostained bands.
Figure 4. Failure to induce formation of 20S complex in P2-GCP by addition of exogenous NSF and ␣-SNAP (A), unlike in adult SV (B). A,
After endogenous NSF and ␣-SNAP were dissociated from the GCVs by salt treatment and NSF and ␣-SNAP were exogenously added in the presence of Mg 2ϩ -ATP␥S, the extracted proteins were incubated, fractionated, electrophoresed, and immunostained after electroblotting. Note that the protein complex larger than 7S in fraction 9 (20S position) is not observed compared (A) with Figure 2C . B, The same treatment of SVs as in A causes a 20S complex formation. Before (top) and after (bottom) addition of NSF and ␣-SNAP in the presence of Mg 2ϩ -ATP␥S, proteins collected into fraction 9 (20S position) were analyzed by immunoblotting. Note that syntaxin, SNAP-25, and VAMP were not detected before addition of the exogenous NSF and ␣-SNAP.
growth cones at the different developmental ages examined (Fig.  10C) , and it was not considered to belong to group A or B. Synapsin I was thus defined as group C.
Group A proteins increased in amount only 200%, at most, in synaptosomes compared with the peak value in the growth cones (Fig. 11) , whereas groups B and C increased in amount by severalfold (Fig. 11) .
DISCUSSION
Because axonal growth cones convert to presynaptic terminals, the SNARE mechanism for synaptic transmission should develop accompanied by the maturation of axon terminals. Regarding axon terminal development, we have classified axon terminals into three stages: stage I, the growth cone stage, without SV; stage II, the transition stage from a growth cone to a presynaptic terminal; and stage III, the mature presynaptic terminal stage, free of growth cone properties. We summarized our present results in Table 4 according to the above definition. The SNARE mechanism is accepted not only in SV fusion but also in the mechanism explaining general intracellular vesicular fusion (Rothman, 1994) . As an example of the latter case, we have recently demonstrated that the SNARE mechanism is involved in membrane expansion for axonal growth (Igarashi et al., 1996) . Our results demonstrated that growth cones at stage I have the SNARE complex but several regulatory mechanisms are deficient, indicating that the SNARE mechanism working at stage I may be sufficient for axonal growth but is not fully functional in SV fusion. (1993) . The solubilized proteins were incubated with anti-syntaxin, anti-SNAP-25, anti-VAMP, or the control IgG for 2 hr on ice, and then protein G-or protein A-agarose was added to the antigen-antibody mixture and incubated for 2 hr at 4ЊC with gentle agitation. The agarose-bound complex was rinsed several times using the same buffer containing 0.5% CHAPS, and the pellet was collected and solubilized by the sample buffer for SDS-PAGE. Each protein was visualized by immunoblotting using specific antibodies. Figure 6 . A cross-linker DSS treatment fails to detect VAMPsynaptophysin complex in the P2-GCP (G), unlike in the adult synaptosome (S). Lane 1, without DSS; lane 2, with DSS. Neither antisynaptophysin (A) nor anti-VAMP antibodies (B) detected a 58 kDa VAMP-synaptophysin complex. In contrast, DSS treatment made the complex detectable in the adult synaptosome. Fresh GCPs in Krebs'-Ringer's solution buffer were incubated with 5 mM DSS for 45 min at room temperature, and 0.1 M Tris-glycine buffer, pH 7.4, was added as quencher. After they were centrifuged several times, the supernatants were analyzed by SDS-PAGE and immunoblotting. 58 K and arrows indicate the position of 58 kDa. Figure 7 . Distribution of the transmembrane proteins (VAMP, synaptotagmin, syntaxin, and synaptophysin) in the Triton-soluble (lane 1) and cytoskeletal (lane 2) subfractions of P2-GCP (A) and adult synaptosomes (B). The GCP fraction from P2 rat forebrain was extracted by CSK buffer (see Materials and Methods) containing 1% Triton X-100 and 0.01% saponin for 1 hr at 4ЊC by stirring, and centrifuged for 1 hr at 40,000 rpm. The pellet and the supernatant were collected as the GCP-cytoskeletal and Triton X-soluble subfractions. After SDS-PAGE, the proteins from each subfraction were electrically transferred to nitrocellulose membrane. VAMP, synaptotagmin, syntaxin, and synaptophysin in each subfraction were visualized by immunostaining, using streptavidin-conjugated alkaline phosphatase.
SNARE complex is associated with GCV at stage I similar to its association with SV at stage III
We demonstrated that the core of the SNARE complex, i.e., VAMP-SNAP-25-syntaxin complex, is already formed at stage I, although the amount is approximately one-tenth that of the synaptic SNARE complex (Fig. 1 B,C) . These proteins were enriched in P2-GCP (Fig. 1 A) , and the core complex was associated with GCV ( Fig. 2C,D) . Two vesicle-associated proteins, SV2 and synaptophysin, were enriched in GCVs (see Results). Because neither P2-GCP nor P2-GCV contains SV (Tables 1, 2) , the SNARE complex detected in this study at stage I is associated with GCV and not with SV. We found that a small amount of protein complex larger than the core complex exists endogenously (e.g., fraction 8 in Fig. 2C ) associated with GCV, probably corresponding to the SNARE-NSF-SNAP complex (cf. Pevsner et al., 1994 ). This did not migrate at the 20S position, probably because synaptotagmin is absent from this complex ( Fig. 5; see below) . Because the 20S complex is formed by recruitment of NSF and ␣/␤-SNAP to the SNARE complex (Söllner et al., 1993a,b; Rothman, 1994) , this suggests that we succeeded in detecting biochemical evidence for the working of the SNARE mechanism in apparently SV-free GCP. This supports the theory that the SNARE complex is involved in the vesicle docking process of growth cones for membrane expansion (Osen-Sand et al., 1993; Pfenninger and Friedman, 1993; Bark and Wilson, 1994; Catsicas et al., 1994; Schulze et al., 1995; Igarashi et al., 1996) .
Several protein-protein interactions proposed to regulate SNARE complex formation are deficient at stage I: low-stringent regulation in growth cones versus high-stringent regulation in mature presynaptic terminals Although the SNARE mechanisms are widely accepted in intracellular vesicular fusion systems, such as in presynaptic terminals, in Golgi apparatus, and in endosomes, the protein-protein interactions regulatory for SNARE complex association and dissocia- Surface area density of the GCPs in each age was calculated from the EMs as described previously (Pfenninger et al., 1983) , except that we used the MCID system. The surface area density of the total membrane-surrounded structures in an EM is shown as 100%. The data regarding surface area density was represented as mean Ϯ SEM of six different preparations. Compared to the total number of GCPs (100%), the number of SV-containing GCPs was scored. The data are shown as the mean Ϯ SEM (six independent experiments). The amount of GAP-43 was determined by densitometric assay for immunoblots, and its relative amount of GCPs was compared with that of the corresponding fraction B (the interface between 0.83 M/1.0 M sucrose). The data are shown as the mean Ϯ SEM (four independent experiments). After permeabilization by 0.25% Triton X-100 for 5 min, the neurons were incubated with each primary antibody (diluted to 1:250) for 2 hr at 37ЊC. FITC-conjugated secondary antibodies were used for fluorescent staining. Note that not only the center of the growth cone but also its filopodia were stained in A and B but not in C. We show the results using the DRG neurons here because their filopodial development is better than that of hippocampal ones, although the results were also quite similar in the hippocampal growth cones. Scale bar, 10 m. D, The relative distribution of synaptotagmin, VAMP, and syntaxin in the P-domain of the growth cones compared with that of the total growth cone area. The intensity is represented as the product between the area and the fluorescent intensity density, measured using the MCID. Data were the mean Ϯ SEM (n ϭ 10). **p Ͻ 0.01. tion in one vesicular docking and fusion system differ from those in others, probably because the SNARE mechanisms are functionally modulated in each fusion system (Rothman, 1994; Söll-ner, 1995; Südhof, 1995; Tagaya et al., 1996) . To better characterize the SNARE mechanism properties, we examined the biochemical reactions in growth cones. NSF bound to GCV could not be easily released from GCV membrane by Mg 2ϩ -ATP alone (Fig. 3A) . This property of NSF is similar to that in SV or in endosome but distinct from that in the Golgi apparatus (Fig. 3A) (Hong et al., 1994; Colombo et al., 1996; Tagaya et al., 1996) . However, the exogenously added NSF and ␣-SNAP did not induce formation of a larger complex, such as 20S, despite our detection of an endogenous, larger complex associated with GCVs (Fig. 4 A) , unlike in the adult synaptosomes and in Golgi apparatus (Fig. 4 B) . We concluded that recruitment of NSF and SNAPs to the SNARE complex in growth cones is considerably different from that in Golgi apparatus where the original SNARE hypothesis was postulated (Hong et al., 1994; Rothman, 1994; Moriyama et al., 1995; Colombo et al., 1996) , and that the SNARE mechanism at stage I is similar to but not the same as that at stage III.
We also demonstrated that two protein-protein interactions, proposed as inhibitory to SNARE complex formation in presynaptic terminals, are lacking at stage I: recruitment of synaptotagmin to the SNARE complex, and VAMP-synaptophysin binding (Figs. 5, 6 ). These results suggest that inhibition of the SNARE complex formation by these mechanisms is not working at stage I. At this stage, the growth cone uses the SNARE mechanism for axonal growth (Osen-Sand et al., 1993; Igarashi et al., 1996; Williamson et al., 1996) . In this case, low-stringent regulation of the membrane fusion is favorable for continuous axon growth. From the aspect of preparation for neurotransmitter release, we revealed that the two inhibitory mechanisms for vesicular fusion that assure high-stringent regulation for fusion in transmitter release were absent at stage I, indicating that they are added in the course of axon terminal development. Our results also suggest that release regulated by synaptotagmin I, a Ca 2ϩ sensor ubiquitously distributed in the CNS presynaptic terminals (Yoshida et al., 1992; Südhof and Rizo, 1996) , is not working at this stage (Fig.  5) , although another synaptotagmin isoform might be localized (Südhof and Rizo, 1996) . Our observation is consistent with a previous report that GABA release from the growth cones of rat forebrain is not Ca 2ϩ -dependent until P7 (Taylor and GordonWeeks, 1989) . High-stringent regulation of vesicular fusion by synaptophysin Edelmann et al., 1995) starts after its accumulation there (Fig. 10) . We showed that synaptotagmin and VAMP are cytoskeletal components in growth cones as well as participants in membrane fusion regulators (Figs. 5, 6) . Such different localization of these proteins from that in presynaptic terminals might explain that the two inhibitory mechanisms involving these two proteins were not detected at stage I.
Presynaptic proteins do not accumulate simultaneously in growth cones
More than 10 presynaptic proteins have been well characterized, and their roles in synaptic transmission have been partly elucidated (Südhof, 1995) . Because most of them are involved in the SNARE mechanism, we investigated molecular aspects of the SNARE mechanism development in growth cones using different In the CGP, these proteins reach the peak on P2 as do VAMP, SNAP-25, and syntaxin (Fig. 10) . Each relative amount of the peak value is calculated with the value of E17-GCP as 100% and shown as the mean of four independent experiments.
developmental stages of GCPs, by immunoquantitation of each component. Morphological quantitation of volume density in EM (Fig. 9  and Table 2 ) and biochemical quantitation of GAP-43 (Table 2) in GCP fractions from the different ages indicated similar characteristics (Taylor and Gordon-Weeks, 1989) .
According to the developmental accumulation time course of the presynaptic proteins in the growth cones, we have classified them into the following three groups (Figs. 10, 11) .
Group A contains VAMP, SNAP-25, syntaxin, synaptotagmin, Munc-18, rab3A, NSF, and ␤-SNAP (Fig. 10 A, Table 3 ); all Figure 10 . Accumulation patterns of "presynaptic proteins" in the growth cones. These proteins are classified into three groups according to when each protein reaches the peak amount in the GCPs. A, Group A consists of the proteins accumulated before P7. The core components of SNARE complex, namely, SNAP-25 (square), syntaxin (circle), and VAMP (triangle) are shown here, and several other proteins belong to this group (see Table 1 ). B, Group B are the proteins accumulated only on P7. Synaptophysin (square), SV2 (circle), and V-ATPase (triangle) are classified in this group. Note that P7 is the time when SV appears in the growth cone of rat forebrain (Taylor and Gordon-Weeks, 1989) . C, Synapsin I did not change significantly in amount during the different stages of the growth cones. It was thus classified as group C. Each protein amount was measured by densitometric assay of the immunostained bands. The relative amount was calculated with the value of E17 as 100%. Data are shown as the mean of the four independent experiments. Figure 11 . The relative amount of each protein in adult synaptosome compared with that in growth cones at the peak. The amount of each group A protein in synaptosome is, at most, 2ϫ its peak amount in the growth cone, whereas group B and C proteins increased in amount more than fivefold. Each protein amount was measured by densitometric assay of the immunostained bands. The relative amount was calculated with the value of E17 as 100%. The data are shown as the mean Ϯ SEM (n ϭ 4). members are proteins involved in vesicular fusion systems (Süd-hof, 1995) . These components accumulate before morphological SV appearance (Fig. 10 A, Table 3 ) (Lou and Bixby, 1995) , suggesting that they are also important to growth cone functions such as membrane expansion (Igarashi et al., 1996) , but that they are insufficient to cause transition from growth cones to mature presynaptic terminals.
Group B consists of several typical SV marker proteins (Fig.  10 B) . Our previous report failed to detect synaptophysin in P5-GCP (Saito et al., 1992) , probably because of the lower amount of synaptophysin in GCPs before P7 than that in synaptosomes (Fig.  11) . The accumulation time of these proteins in growth cones is consistent with the time when SV first appears, at stage II (Taylor and Gordon-Weeks, 1989) . Because the mature SV is synthesized in axon terminals (Mundigl and De Camilli, 1994; Okada et al., 1995) , the SV probably does not appear until group B components accumulate and are associated with the preexisting group A proteins, such as synaptotagmin, VAMP, and rab3A.
Because the amount of synapsin I remains constant in GCPs through several different stages, synapsin I was classified as group C (Fig. 10C) . Its synaptosomal amount reaches ϳ700% of the peak amount of GCP (P10-GCP; Fig. 11) ; thus, synapsin I dramatically accumulates at the last stage of synaptogenesis, i.e., stage III, to accomplish rapid transmitter release in the mature terminal (Südhof, 1995) .
How are the molecular events correlated with conversion from a growth cone to a presynaptic terminal?
The SNARE mechanisms are involved in two processes in growth cones: (1) axonal growth and (2) synaptic maturation. Our results suggest that group A components are sufficient to accomplish the former function, but groups B and C, in addition to group A, are necessary for the latter. Because axonal growth terminates after target recognition but conversion to the mature terminal continues, and because groups B and C accumulate in the axon terminals after group A accumulation (Fig. 10) , the switching of axonal growth to mature transmission must occur through the appearance of several protein-protein interactions. Which protein-protein interaction is necessary to regulate SNARE complex formation at stage I and how such a conversion occurs in axon terminals are currently unknown. Identifying the proteins involved in these processes is an important next step.
